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SUBJECT: A Method for Performing a Bit DATE: December 29, 1966
Error Rate Analysis of the ALSEP
Telemetry Data Link. Case 320 FROM: W. D. Wynn

TM-66-2021-14

TECHNICAL MEMORANDUM

1.0 INTRODUCTION

The purpose of this memorandum 1s to describe and analyze
a mathematical model of the telemetry recelver at MSFN sites used to
demodulate data from the Apollo Lunar Surface Experiment Package
(ALSEP). 1In this analysis it is desired to compute power margins
that exist when the probability of error in detecting a data bit is

10—u. There are a variety of possible combinations of bit rates

and circult parameters that may exist in the telemetry channel.
For each combination of these parameters, power margins must be

determined for the desired maximum error rate of 10'". A phase
locked loop is used in the receiver to obtain a carrier reference
which is used for coherent product detection of the split-phase

PCM telemetry data train. When the carrier phase is assumed to be
exactly determined, the calculation of margins is simple. However,
if the carrier.reference is not perfect the margin calculations are
much more involved. 1In the work discussed here the effect of a
nonperfect carrier reference is included. In some possible modes
of operation the effect of the carrier reference phase error 1s so
small that a perfect reference can be assumed. These situations are
discussed.

2.0 DISCUSSION

2.1 Limiter-Phase Locked Loop Configuration Used to Acquire
Carrier Reference

To acquire the carrier reference for coherent data de-
modulation, a phase locked loop (PLL) is used. The PLL 1s preceded
by a bandpass limiter that removes AM from the input PM signal.

The bandpass limiter is, in turn, preceded by a bandpass fillter
denoted as the prefilter in Figure 1.

Both the postfilter, used in the bandpass limiter, and
the prefilter have center frequency LR and bandwidth Bc' The gains

of the two filters are normalized to unity in their pass bands.

The bandpass limiter 1s defined as a hard limiter followed by a

bandpass filter. The hard limiter used here is normalized to #+1
limits.

Ruallahly v, vios oo
Bosqap-hy o
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2.2 Limiter Characteristics

The output-to-input S/N relationship and the signal
voltage suppression factor o for an ideal symmetrical bandpass

limiter are well known(l)(z). When S/N)in + 0, then
(S/N)out = E (S/N)ln, and when (S/N)in + o, (S/N)out = 2(S/N)in

However, care must be taken when applying these results to s
bandpass limiter in cascade with a PLL. There is a 3db irprove-
ment in the limiter when (S/N)in is large. There is also a 3db S/N

improvement in a PLL. The improvement in the limiter is due to
the removal of the in-phase noise component of the additive noise
present at the limiter input. The 3db improvement in the PLL is
also due to removal of the in-phase noise component present at
the PLL input. Since the individual improvements are due to the
same source a 6db improvement in (S/N) ratio can not be expected
when the limiter and PLL are used in cascade.

For the limiter - PLL cascade used here the limiter
asymptotes are assumed to be
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The (S/N) transfer characteristic for the bandpass limiter when
in cascade with a PLL has been approximated by the piecewlse
linear equation

S = u {% + (0.682)u_,/ "%‘, - 0.035 ‘ - 0. 035 (%‘
’out iin - in ) in
(15} , ‘s (st L
- (0682)1.1_1)%\N-} - O-?)b; iﬁ - 0.35l (N' = Fé(S/N)in‘]
L in J it iin } v An L i
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where

This functional relationship 1s shown in Figure 2 in terms of
(S/N) ¢/ (S/N)y vs (8/N), .

The (S/N)in in terms of (S/N)out follows directly from
(S/N)Out = F[(S/N)in]' It follows that if

%‘ = % i%} for %i < 0.035
in jout lin
then this approximation also holds if
1l =
(8/N) ¢ < () (0.035) = 0.0275
and if
(§; & (§ for (S/N), > 0.35
N, N in
fin out
then this approximation also will hold for
Therefore,
4 S| s gt
(S/N)il’l = 5 % - (0.837)11_1{ %} - 0.0275;"§ﬁ} - 0.0275‘ ‘i%f
out g\ o ) o i o
'i . S \ ; s
+ (O.837)u_1<j%} - o.35}-5;%¢ - 0.35,- £ = f‘\%} |
el Vo o L S e
(S/N)in /'S
The piecewise linear graph for SN vs lﬁ is shown in
out out

Figure 3.
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The signal attenuation of the bandpass limiter 1s

' Signal Component Out

{Total Limiter Input Power

ile

1/2
1n}
where (S/N)in is defined in Figure 1 as the limiter input signal-
to-nolse power ratio.

2.3 Carrier Signal-to-Noise Power Ratio In The 2B. Loop Bandwith

L

For the carrier modulated by a split phase binary wave-
form, the total power in the IF signal (S)IF and the power in the

carrier component of this signal, (S)IF are related by
C

(cos® 8) (8)pp = (8)qy
C

where 6 is the phase modulation index. For a given value of BC

the amount of signal power removed from the limiter input by the
prefilter is determined by the bit rate H. For a glven bit rate
and bandwidth BC the total signal power into the limiter (S)1n

is related to the IF signal power, (S)IF, by
k(8);p = (8);, where 0 <k <1

The carrier component of the IF signal is not attenuated by the
prefilter. Hence

(S)inc = (S)IFC




BELLCOMM, INC. -5 -

Then

(s) (29-?—2—") (s)
In k In

The split-phase modulating waveform is such that its
baseband spectrum is

C

i by
alr] = - B (“’/gH)]
& (w/4H)

where H is the bit rate. The spectrum is shown in Figure 4.

The low pass characteristic of the PLL is shown on the
same figure as G(f). Because of the relatively narrow bandwldth,
BL’ of the PLL, only the carrier component of the signal received

at the PLL effects the loop operation when the loop 1is in lock.
Then

é§§ _ (cos” & . "C} 'S
N i
\NleBL l ko 2B (Nioue
Since
{ /3]
:%3 = f,N‘ ’r
|™ /in S foutld
as discussed above,
'S - rl k 2B, SS) }
|17 = (N ?
\N in tcos2 0 Be N 2BL’

and
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t 1~-1/2
a = {1 + % {g l
L ! inJ
: Iu ‘] '“‘;-1/2
: T ]
= ,l + — -
ik [PProist T
L T2 B, | N, |
ﬂ\cos 6)\ C |- 2BLOJJ

Loop conditions 1n 2BLO may be substituted here, since

-

o
Q{ro
o |ie

Voo i v em

when the entire IF signal spectrum falls into the passband of the
PLL. Here

) ~1/2
a='l+—ﬁ|

1
‘

W=

inJ

i
b

= corresponds to (N/S) = 1. Since the carrier com-
I S 2BLO

=

when

2]

7 Min
ponent of the signal into the loop is all that effects the loop
bandwidth and since this signal voltage is cose times the loop
input signal, a new BL expression is obtained from the original

by replacing o with a cos6. Then for the ALSEP telemetry re-
ceiver in the MSFN,

B, = L0 él + 2acosei

L 3 ! % j
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The signal-to-noise ratio (y) in the passband of the

PLL is
y = PC
BLNO
where
PC = carrier power into loop,
BL = noise equivalent bandwidth of the PLL (one-sided) and
NO = one-sided noise spectral density at the lcop 1nput.
Po
The signal-to-noise ratio in the 2B bandwldth 1s 55— .
LO 2BLONo
Then in terms of (S/N)2B , Y is given by
LO
St
Y = 22cose‘ (ﬁng
P + 220 } L0
0

2.4 The Effect of Non-Perfect Carrier Reference on Demodulation

The term y is used by W. C. Lindsey to determine the
bit error probability PE vs (S/N) in the bit rate bandwidth,

(S/N)BRB’ when a non-perfect carrier reference is obtained with-

(3)

in the PLL For a given signal-to-nolse ratio in 2BL, a lower

limit for P. is reached as §‘ increases without bound. For a
E N/ BrB

perfect reference, this is not the case. If y = «, P_ decreases

E

indefinitely with (S/N)BRB' The conclusions of (3) are summarized

in Figure 5 for the one-way communication link. Bilt error, PE’

is given as a function of (S/N) with signal-to-noise in 2BL

BRB
loop bandwidth as a parameter. Using Figure 5, a family of con-
stant probability curves has been determined. For fixed values

of PE’ (S/N)BRB is plotted as a function of Y4qp @S shown in

Figure 6.
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2.5 The Relationship of (S/N)2B and (S/N)

LO BRB

Thus far two relationships have been determined. (1)
Y4p VS (S/N)ZBLO(db) and (2) (S/N)BRB(db) vs vy, for given Pp
A third relationship between (S/N)BRB(db) and (S/N)2BLO(db)
exist independently of the others. 1In the carrier channel the
limiter input signal-to-noise ratio is

k P
r

2l

An C

where Pr is the IF signal power at the prefllter and No is the
noise density (one-sided) at the IF. From before,

since the signal in 2B is the carrier component. The limiter

LO
effect on the S/N ratio is described by the equivalent equations

2l

el \
S ;S Sy '
T = F iz + and . = £ =
N ;'N,". i A j

where @ and f were defined above for the limiter - PLL cascade.
Then

;5 - kRS Be . cosze
.Y = 4 T )
\Niom B N “Bro k
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For the data channel, the S/N ratio at limiter input is

Bl r
N N B
\ linD oD
But
v . B
[ S S D , 2
i =i = ¢ sin ¢ « L
EN.BRB iN5outD BH PE
where L is the decommutator loss factor. Since

DE

§l’ =F"§ :
Nout AR ’
outy L D~
it follows that
P B
.S . r D . 2
12 = F —%— + = . sin 6 - L
\Nigrp NBp' By DE
and
. -1
. ‘B
i S D ., 2
Flos— =2 |5~ sin"6 L
NoBp Miprp Py DE

From before, F and f are such that for any x and y
related by

x = F(y)
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it must follow that

y = f£(x)
Then
-1~
P " ’ B i
r oS D .
L =8B £ (—— sin“e L }
N~ D {JN srs | B DE| |
Therefore, (S/N)2BLO and (S/N)BRB are related by
PP ; " ; B \ —1\“ ‘
i"-%)213 i Féﬁg " o f{gﬁjsﬂs . KE% SR LDE) }§- 220 . coize
: LO - ‘ = LO

If £(x) = ax and F(y) = by where a and b are constants
the relationship reduced to

K VD L2, i “c cos“8j
=— B, a| g~ sin 6 L 4| ! i
BC D aBH Dhé §2B k l

=i
§
=10

o
\

Since x = F(y) and y = f(x), a and b must be related such that
Xx = by and vy = ax. That is, a = 1/b, 1f the two limiters are
identical. Then

B
'S  TH \ 2
} —- —
+ 55| (tan e)db L

| BRB(dDb) P00 db

=l

DEdb
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In the equations derived thus far for y vs (S/N)2B
LO

\
Vs

=t

r .
and i %) , approximating assumptions have been
{7 12B

LO 'BRB

avoided. The equations are difficult to handle when the varla-
tion of limiter (S/N)Out Vs (S/N)in is incorporated. 1In the

foregoing analysis the variation (approximately 1db) in the
limiter (S/N) transfer characteristic is not considered. It
will be assumed that (S/N)in = (S/N)Out for all (S/N)in values

both for the carrier channel limiter and the data channel limit-
er. It is considered that the errors introduced by this
approximation are small enough to be neglected.

2.6 Calculation of Signal to Noise Ratio (y) in Passband of PLL

vs. (S/N)
*Bro
For ALSEP,plots of vy vs (S/N) were made for two
’ db EBLO
sets of system parameters. They are
(1) 6 = 1.25 rad. (11) 5 = 1.25 rad.

@ = 0.0685 a, = 0.0708
BC = 2 KHz BC = 7 KHz

QBLO = 12 Hz 2BLO = 50 Hz

In each case the data bandwidth BD is assumed to be sufficiently

large so as to pass the signal undistorted. 1In each case two
values of bit rate H are considered. These are H = 530 bps and
H = 1060 bps. When H = 1060 in case (I),the prefilter of

BC = 2 KHz removes 30% of the IF signal power before the limiter.

Hence when H = 1060 in (I), k = 0.7. However, for H = 530 in
(I) and H = 530, 1060 in (II), k = 1.

In case (I) the results of calculation are with

k = 1.0 (H = 530 bps)
s y
\N‘EBLQ(db) db
0 3.06
10 9.82
20 18.03
30 27.67

ho 37.65
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with
k = 0.7 (H = 1060 bps)

B Y

N dab

2B10(db)

0 3.54

10 10.28

20 18.18

30 27.72

40 37.67

In case (II) the results of calculation are with

x = 1 for H = 530, 1060

f%% Tdb

M 2BL g (an)

0 2.92
10 9.75
20 18.14
30 27.84
4o 37.81

i

Figure 7 gives Ygp V8 (S/N)2BL0 for k

Figure 8 gives Yqp V8 (S/N)2B for k
LO

(IT). 1In both cases I and II when k = 1 as well as case I when

k = 0.7, the graphs are closely represented by the linear

equation

1, 0.7 in case (I).

1

1 in both cases (I) and

(O.83)(S/N)2B + 1.55 =

;
L0 (db) db

for values of Ydb between 5 db and 20 db. This can be combined

with the equation of (S/N) vs (S/N) . With the approxi-
BRB 2BLO
mation (S/N)in = (S/N)out for the limiters, the resulting equa-

tion obtained by elimination of (S/N)2B is
LO
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= 1.205 - 1.87 - {—Eﬂ—\
. Ydb ' ‘2BL0}
db

=2t

BRB(db)

2
+ (tan e)db + LDE

For given bit rate bandwidth, By» 2By, © and Lpg, thls linear

equation in db can be plotted directly on the family of constant
Pp curves in Figure 6. For H = 530 bps, 6 = 1.25 rad.,

2BLO = 12 Hz and LDE = -1 db, the equation 1s
(db)
S = 1.205 vy, - 9.78
IBRB(db)
For H = 1060 bps, 8 = 1.25, 2B,y = 12 Hz and LDEdb = -1,
!%1 = 1.205 vy - 12.78
JBRB(db )
For H = 530 bps, 6 = 1.25, 2B, = 50 Hz and L. = -]
S -
!ﬁ = 1.205 v g4, - 3.58
\" |BRB(db)
For H = 1060 bps, 6 = 1.25, 2BLO = 50 Hz and LDEdb = -1,
S = 1.205 vy, - 6.58
N : db )

}BRB(db)
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When LDE = -3 the corresponding equations are obtained by sub-
db

tracting -2 db from the right side of each of the above linear
equations. The graphs of the four equations of (S/N)BRN(db) Vs

Ydb for LDE = -1 db are shown on the constant PE family of
Figure 6.

The equations of (S/N)BRB(db) VS Ygp plotted in Figure

6 are equations of restraint imposed by the system, whereas the
constant PE curves relate Y db and (S/N)BRB(db) for specifie

values of PE. For a given probability of bit error, PE’ the

;alues of (S/N)BRB o> © and LDE' Slgce

r . 1
T is directly related to (S/N)BRB in a one-to-one fashion, N

o] o]
is also fixed for given PE and gilven parameter values. The

"ratio Pr/No is found from

is fixed for given H, B

S | 2
= ! + (B.) - (sin“8) - L
\N /grB(db) H 4 db  “DEyy

db

Z"‘U
e

O

under the approximation of unity transfer for S/N ratio in the
limiters.

2.7 Communication Performance Margins For The ALSEP Telemetry
Link

To demonstrate the utility of the method developed
here, the performance margins for the ALSEP Telemetry Link have
been computed assuming a 30 foot MSFN antenna is used.
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2.7.1

(1)
(2)
(3)
(%)
(5)
(6)
(7)
(8)
(9)
(10)
(11)

2.7.2

(1)

(2)

(3)

Calculation of Received Signal Power (See Reference 4)

Nominal Tolerances

Parameter Value +db -db
ALSEP Transmitter Power (dbm) + 30.0 1 0
ALSEP Transmitter Ckt. Loss (db) - 2.4 0 0.3
ALSEP Antenna Gain (db) + 15.8 0.5 0.6
ALSEP Antenna Pointing Loss (db) - 3.0 3.0 0.7
Space Loss (db) -211.6 0.4 0.2
Polarization Loss (db) - 0.2 0.2 0.3
Multipath Loss (db) 0 0 1.0
MSFN Antenna Gain (30' Dish){db) + 44,0 0 0
MSFN Antenna Pointing Loss (db) 0 0 0
MSFN Recelver Ckt. Loss (db) Included in Antenna Gain

MSFN Receiver Input Power for
30' Dish (dbm),(Sum of 1 - 10) -127.4 5.1 3.1

Calculation of Receiver Noise Spectral Density (see
Reference 4, page 20)

For the 30' Antenna: N

Moon at zenith,
cooled paramp (dbm/Hz) -176.1

Moon at zenith,
uncooled paramp (dbm/Hz) -174.6

Moon at horizon
uncooled paramp (dbm/Hz) -173.1
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The signal-to-noise power ratio in the bit rate band-
width (S/N)BRB 1s related to the receiver input signal power Pr

and input noilse spectral density NO by the equation

f
r| s -
‘~—% = = + (B,) - (sin“e) - L
db
For the nominal values of Pr =-127.4 dbm and NO = -174.6 dbm;
/P
,ﬁﬁ = 47.2 db
"0 ab
with 6 = 1.25 radians, (sin2e)db = -0.U46. With a decommutator
loss of -1 db, - LDE = + 1 db. Then
's| :
2 = 47,2 + (-0.46) + (-1) - (BH) = 45,74 - (BH)
\™ BRB(db) db db

For a data bit rate of 1060 bps, By = 1060 and (BH)db = 10 log,,

(1.06 x 103) = 30 + 10 1og10 1.06 = 30.26. Then under nominal
operating conditions

\
= 15.48 db

=it

BRB(db)

4

The margin in (S/N)BRB(db) for PE 10 will be obtained for

the two bandwidth combinations BC 7 KHz with 2BLO = 50 Hz,
and BC = 2 KHz with ZBLO = 12 Hz. With reference to Figure 6,
the intersection of the Py = 10—14 curve with the restraint

c = 7 KHz and 2BLO

; i oy
(S/N)BRB(db) = 8.7 db. The intersection of the PE = 10 curve

curve for B = 50 Hz occurs at
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= 12 Hz occurs

and the restraint curve for B 2 KHz and 2B

C LO

when (S/N) = 8.4 db.

BRB(db)
With the data rate H

1060 bps and B, = 7 KHz with

C

2B = 50 Hz the margin in (S/N) is 15.48 - 8.7 = 6.78 db.

LO BRB(db)

With the data rate of H = 1060 bps and B, = 2 KHz with

C

2B = 12 Hz, the margin 1s slightly greater at 7.08 db.

LO

The difference between the margins calculated under
the assumption of a perfect carrier reference and those obtailned
when the non-perfect reference is taken into account is slight
for the system parameters considered. Thils can be seen from
Figure 6.

3.0 CONCLUSIONS

The constant probability of error (PE) curves presented

in Figure 6 approach the classic definition of bit error rate

when there is a high signal-to-noise ratio (y) in the carrier
tracking phase locked loop. For ALSEP, when nominal system
parameters are assumed (i.e., modulation indices, loop bandwidths
etc.) it is found that the performance of the System can be pre-
dicted by considering the carrier phase to be exact. If ground
statlon receiver bandwidths, similar to those used with the Apollo
S-band system, are employed, particularly for the low ALSEP data
rate (i.e., 530 BPS), it is necessary to consider the imperfect
carrier reference.

Curves are presented in Figure 6 that enable the
determination of (1) the required signal power to noise spectral
P P\

-NE: for a given bit error rate, and (2) if ( L,

P is known
No. Ny ’
the margin for both the carrier and data channels. The margins
for the carrier and data channels for a specified bit error rate
and System configuration are shown to be related (i.e., not

independent).

In general, it follows that the larger the ratio of
the bit rate bandwidth to 2BLO, the more valid the perfect

reference approximation becomes.

W'\)‘w.)ﬂ\/\\
2021-WDhW-jdc W. D. Wynn
Attachments
References

Figures 1 thru 8
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FIGURE 5 - ERROR PROBABILITY P VERSUS (S/N)g.s FOR VARIOUS VALUES
OF SIGNAL-TO-NOISE RATIO IN SUBCARRIER DATA TRACKING LOOP
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